Introduction
Metal nanoparticles (MNPs) such as Au or Ag can confine light (electromagnetic fields) to their dimensions on the order of or smaller than the wavelength. Such properties, called localized plasmon resonances (LPRs), are based on interactions between electromagnetic radiation and conduction electrons at metallic interfaces or in metallic nanostructures, leading to an enhanced optical near field of sub-wavelength dimension below the diffraction limit. 1 LPRs of MNPs are tunable throughout the visible and near-infrared region of the spectrum as a function of the particle size, shape, aggregation state, and local environment. 1 When MNPs are organized in closely spaced arrays, their LPR peak is shifted towards low energy, and an increase in the bandwidth is observed because the dielectric constant of the surrounding MNPs is increased. [1] [2] [3] Molecules absorbed by the surface of the mentioned array undergo a surface-enhanced Raman scattering (SERS) effect, enhancing its Raman signal. [4] [5] [6] This process has attracted much attention due to its potential applications in miniaturized optical devices, sensors and single molecule detection via SERS. [7] [8] [9] [10] [11] Therefore, creating periodic assembled MNP structures through this unique innovative approach has attracted much attention lately. In general, MNPs can be organized using bottom-up approaches based on self-assembly. Simple self-assembly strategies introduce functional groups (ligands) onto MNPs, as specific physical and chemical affinities such as covalent or non covalent (van der Waals, hydrophobic, or electrostatic) interactions that can be exploited to achieve the precise self-assembly of MNPs. The chemisorption of alkanethiols and other organosulfur molecules on Au or Ag nanostructures has been widely applied because of their ability to form a well-organized self-assembled monolayer. 12 Typically, the adsorption and desorption of ligands depend on the type of crystallographic facet involved. With alkanethiol molecules, preferential binding of thiols to the {111} surface is obtained. 13, 14 Using this approach, the facet-selective assembly of MNPs can be achieved, leading to one-dimensional (1D) chains of MNPs. In particular, since metal nanorods with a high aspect ratio (~25) have {111} at each end and {100} at their sides, the end-to-end assembly of metal nanorods is oriented in the same direction. [7] [8] [9] Such a 1D array of metal nanorods strongly absorbs light of specific wavelengths with polarizations parallel to the rod axis. [16] [17] [18] [19] In different MNP assembly approaches, interfaces such as gas-solid and liquid-liquid play important roles.
The Langmuir-Blodgett technique is a typical interfacial assembly process. [20] [21] [22] Surface-protected MNPs are generally made to float over a water surface using hydrophobic interactions. At the water-air interface, MNPs form a monolayer, which is slowly compressed and transferred during the compression process, using horizontal or vertical lift-off, to substrates such as silicon. Using this technique, 1D arrays or films of various well-ordered MNPs can be achieved. 23 Ordered arrangements of MNPs on templates such as block copolymer scaffolds 24 and along crystal step edges 25, 26 have also been demonstrated. Many natural materials that have specific binding properties in molecular recognition and self-assembly can be used as templates to organize and interconnect assemblies of MNPs on surfaces. [25] [26] [27] [28] [29] [30] DNA in particular has been widely investigated as a template because of its structurally controlled nanowire of 2 nm, well-defined polymeric sequence and many functionalities, which make possible a 1D array of MNPs. [31] [32] [33] [34] [35] [36] Although these methods involve assemblies of MNPs, they often require complex processes and specific equipment.
In this review, we highlight our efforts to produce highly aligned 1D arrays of MNPs (metallic nanoarrays) on surfaces. We aim to present a simple and reproducible method for creating metallic nanoarrays without any special equipment. In our assembly of MNPs, highly aligned DNA molecules or nanofibers on a surface are used as a 1D template and can be driven by simple interface (air-liquid) movement. Positively charged MNPs can be explored to produce MNPs that have strong binding properties with DNA strands, leading to highly aligned 1D metallic nanoarrays on surfaces.
Furthermore, the preparation and patterning of metallic nanoarrays with long-range order are presented using DNA nanofibers and transfer-printing (TP) techniques. Finally, optical applications that take advantage of light fields localized on prepared metallic nanoarrays are discussed.
Stretching and Aligning DNA Molecules on Surfaces
DNA has a well-defined structure for the bottom-up construction of artificial nanostructures and networks in one, two, and three dimensions. [37] [38] [39] [40] [41] [42] [43] In particular, the specificity of Watson-Crick base pairing enable the programming of its intramolecular and intermolecular associations, then making use of its unique molecular recognition and self-assembly capabilities to construct DNA-based architectures. Having a diameter of 2 nm and a virtually infinite length, providing a large variety of binding sites for different metal ions, and having remarkable mechanical properties, DNA constitutes an ideal template for the organization of metallic and semiconductor nanoparticles into 1D assemblies. Metallic wires grown on DNA have been observed to possess peculiar transport properties both at room temperature and at low temperature; thus, they are good candidates for opto-electronic applications.
Since DNA molecules in solution have the conformation of a random coil, they must be stretched and aligned on surfaces to create templates of 1D arrays. Generally, DNA molecules have been stretched and aligned at macroscopic or single molecule level by hydrodynamic flow, [44] [45] [46] [47] meniscus forces, [48] [49] [50] [51] [52] electric-field, 53 ,54 atomic force microscope (AFM), 55 ,56 optical trapping, 57 or magnetic tweezers. 58 Surface modifications, such as silanization [48] [49] [50] [51] and poly-L-lysine 47 modification of substrate surfaces have also been utilized to facilitate the fixation and stretching of DNA molecules using the above methods. Though controlling the interaction between DNA molecules and surfaces is very important for stretching and aligning DNA molecules, the interaction mechanism at the chemical structure level has not been sufficiently investigated.
We have reported a useful technique for reproducibly stretching and aligning DNA on surfaces. 59 The point of this technique is to control the interaction between surfaces and DNA using a polymer coating. Chemical structures of the coating polymers selected in this study are presented in Fig. 1 . A solution of 5 μL of DNA (4.5 ng/μL) in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8) was deposited on such polymer-coated glass surfaces, and then its droplet was sucked up using pipet. When a droplet of DNA solution on a surface is sucked up, the surface tension at the moving air-water interface is sufficient to stretch and align the molecules along the central direction of the droplet (Fig. 2) .
The stretching of DNA on surfaces coated with various polymers was examined. We observed fluorescence microscopic images of DNA deposited on various polymer-coated coverslips. On uncoated surfaces, the observed image revealed that only a few molecules were partially stretched and that many molecules were aggregated. Because the glass surface has strong polar groups, it seems that DNA interacts with the surface strongly and nonspecifically. However, DNA molecules were not sufficiently fixed on PVB-coated surfaces. PVB-coated glasses have hydrophobic surfaces, so that the interactions of DNA having negative charges or hydrophilic groups with these surfaces are very weak. In contrast, the observed DNA molecules on PVCz-and PPhenaz-coated coverslips were sufficiently fixed and stretched. In addition, these images demonstrate that DNA molecules are stretched and aligned in a central direction of the DNA droplet. Thus, it seems that PVCzand PPhenaz-coated coverslips are useful for depositing and imaging well-stretched DNA. The AFM image of well-stretched DNA on both polymer-coated surfaces could be also observed.
Observed images of both surfaces demonstrated that DNA molecules were highly stretched and densely aligned in the same direction. Furthermore, the root mean square (RMS) roughness of the uncoated coverslip decreased from 5.013 to 0.319 nm after coating with PPhenaz and to 0.512 nm after coating with PVCz. It should be noted that these polymer coatings enabled obtaining adequate AFM images of DNA on conventional coverslips.
Although PVCz and PPhenaz have a similar hydrophobicity to PVB, DNA molecules sufficiently fixed and stretched on both surfaces. The above results suggest that these polymers have a specific interaction with DNA. To understand the interactions between these polymers and DNA, we examined their absorption spectral properties. When we added DNA molecules to a solution (mixture of TE-buffer (pH 8.0):THF = 1:1) containing PPhenaz, the absorption band at 390 nm, which is attributed to the π-π* transition of PPhenaz, decreased gradually. Such a decrease in the absorbance shows a strong interaction between the electronic state of the polymer and that of the DNA base. Consequently, it seems that these spectral changes are characteristic of an interaction, such as π-stacking, between aromatic compounds and DNA. [60] [61] [62] We observed a similar phenomenon for PVCz. From a molecular viewpoint, their aromatic amine units are planar, or almost planar, favoring the insertion of polymer units into the hydrophobic interior of the DNA base stack. We therefore assume that DNA attaches to surfaces through π-stacking between aromatic amines in polymers and base pairs in DNA. In addition, the λ-phage DNA used in this study was linear DNA with 12-base-long sticky ends, which exposed the hydrophobic π-core (bases) on both ends of the helix. Since such positions have a strong affinity with surfaces, DNA molecules are preferentially anchored at either end. 50 Consequently, effective DNA-stretching and fixations are achieved on surfaces. By using some polymers containing π-units other than aromatic amines, we found that such polymers effectively stretch and fix DNA molecules on surfaces (Fig. 3) . Thus, the above results strongly indicate that π-π interaction is the important factor for DNA-stretching and fixations in our system.
Preparation of MNPs Having Strong Interaction with DNA
The interaction of MNPs with DNA is a well-known phenomenon, [63] [64] [65] [66] and single or double-strand DNA is decorated by MNPs, which can easily be imaged by transmission electron microscopy (TEM) or AFM. [67] [68] [69] To attach AuNPs securely to DNA molecules, various surface-functionalized AuNPs have been prepared. In numerous studies, such AuNPs were prepared by surface modifications with cationic thiols 35, 36, 69 or intercalators. 70, 71 The 1D chains of AuNPs coated with cationic trimethyl(mercaptoundecyl)ammonium monolayers were electrostatically assembled along DNA molecules in solution by the relative molar quantities of AuNPs and DNA base pairs. 69 Since psoralen acts as a specific intercalator for A-T base pairs, the functionalized AuNPs were assembled onto the pA-pT ds-DNA. 70 Furthermore, UV irradiations induced reactions between the psoralen units and the thymine of DNA, then covalently fixed AuNPs to the DNA.
3·1 Oxidized aniline-capped AuNPs (AN-AuNPs)
Recently, we reported a one-step preparation of surface-functionalized AuNPs without ligand exchange. 72 Novel surface-functionalized AuNPs, "AN-AuNPs" were prepared based on the conventional reduction of HAuCl4 using aniline as a reducer, so that the AN-AuNPs had a positive charge and aromatic ring on the surface (due to the formation of oxidized aniline during preparation), which resulted in their electrostatic binding to the negatively charged phosphate backbone of DNA. Characterization of prepared particles by electrophoresis analysis, zeta-potential measurements and UV measurements revealed the presence of positive charges on their surfaces. We then experimented with assemblies of AN-AuNPs organized on DNA molecules. Two different procedures were used here (Fig. 4) . In Method I, DNA was stretched and fixed on the surface according to the above method, which resulted in highly aligned DNA patterns formed on surfaces. Next, DNA molecules were treated with AN-AuNPs solution for 5 min, then rinsed in water. Before treatments with AN-AuNPs, the height (diameter) of DNA molecules imaged by atomic force microscopy (AFM) on the surface was ~1.0 nm, which agreed well with that of a single double-stranded DNA in a previous study. After a treatment with AN-AuNPs, AFM observation revealed that many DNA molecules on the surfaces had contiguous particles with raised height, indicating that the observed heights of DNA molecules were 2.14 ± 0.35 nm. The majority of particles that can be distinguished from the background are 1.56 ± 0.21 nm. Consequently, it is reasonable that the increased DNA molecule heights after treatment were caused by particle deposition. In method II, we prepared a mixture of an AN-AuNP solution and a λ-DNA solution, and incubated it for 30 min. Next, samples were stretched and fixed on surfaces according to the above method. It was very interesting to note that AN-AuNPs with larger interparticle spacing were assembled along the DNA molecules in a necklace-like formation. Since the DNA molecules (to which AN-AuNPs were already attached) were stretched significantly by surface tension, the interparticle spacing was greater. Figure 5 depicts AFM images of AN-AuNPs-attached DNA molecules by two methods. By depositing different MNPs in interparticle spacing, it should be possible to tune the electrical or optical properties of linear arrays. Most recently, a one-step process achieved raspberry- 73 and mushroom-like aggregates 74 of AN-AuNPs, that have three-dimensional structures on a nano-order level. DNA templates also should be helpful in aligning such aggregates, which produce metallic nanoarrays having significant electrical and optical properties.
3·2 Photochemical formation of AuNPs in the presence of
Phenaz-TMA As described above, many DNA molecules were sufficiently stretched and fixed on PPhenaz-coated surfaces by the π-π interaction between π-conjugated units in polymer and base pairs in DNA. To enhance the solubility of PPhenaz in a polar solvent, such as water and interactions with DNA having negative charges, PPhenaz having alkylammonium salts on the N atom (PPhenaz-TMA) were synthesized (Fig. 6) , directly forming π-conjugated polymer functionalized DNA (PPhenaz-TMA/DNA) nanowires. 75 By utilizing the redox reaction between PPhneaz-TMA and AuCl4 -, PPhneaz-TMA/DNA nanowires could be easily converted to Au deposited nanowires. Consequently, AFM and scanning near-field optical microscope (SNOM) observations revealed that highly aligned metallic nanoarrays were fabricated on DNA.
Phenaz-TMA-attached AuNPs (Phenaz-TMA/AuNPs) have also been prepared by photochemical reduction of AuCl4 -with 365 nm UV light in the presence of Phenaz-TMA. Since Phenaz-TMA (Fig. 6) , which is the monomer unit of PPhenz-TMA, has an oxidation potential of +1.245 V (vs. SHE), 76 it cannot directly reduce AuCl4 -, which has a reduction potential of +1.002 V (vs. SHE). 77 However, Phenaz-TMA excited by photoreaction has a greater reduction power, thus leading to spontaneous electron transfer from excited Phenaz-TMA (oxidation) to AuCl4 -(reduction).
The photochemical formation of Phenaz-TMA/AuNPs was monitored by taking UV-vis absorption spectra as a function of the irradiation time ( Fig. 7(a) ). As the HAuCl4 solution was added, the absorption spectra of Phenaz-TMA resulted in a long tail on the long wavelength side (350 -400 nm) of the peak. Au(III) gives stable complexes with C, N, P, S, or even O-donor ligands. 78 The resulting long tail on 350 -400 nm gives a suggestion about the formation of the Au(III)-Phenaz-TMA complex. Thus, an effective electron transfer for reducing AuCl4
-can be achieved with 365 nm UV light. Consequently, an absorption peak at 530 nm was clearly observed and increased with increasing irradiation time. This absorption peak is attributed to the surface plasmon resonance (SPR) absorbance band of AuNPs. [4] [5] [6] [7] [8] [9] [10] [11] After a certain irradiation time (10 min in this case), the UV absorption spectrum reached a state of stagnation because of the completion of the photoreduction process. The TEM micrograph indicated that the prepared Phenaz-TMA/AuNPs were 5 -20 nm in diameter (Fig. 7(b) ).
The interaction between Phenaz-TMA/AuNPs and DNA was subsequently examined. Figure 8 (a) illustrates a typical DNA titration of Phenaz-TMA/AuNPs solution. As DNA was gradually added, the SPR band intensity gradually increased, and the peak maximum shifted toward lower energy. The binding of Phenaz-TMA/AuNPs to DNA brings them close together, modifying their local environment and changing the SPR absorbance. 69 Phenaz-TMA has alkylammonium salts on the N atom; additionally, it is oxidized during the preparation of AuNPs. Nanoparticles were electrostatically bound to the negatively charged phosphate backbone of DNA by using Phenaz-TMA/AuNPs with a positively charged protecting monolayer. Figure 8 (b) also shows differences in the spectra changes in Fig. 8(a) . The absorption peak at 608 nm increases with an increase in DNA additions, which suggest the SPR of AuNPs assembled onto DNA molecules. Dark-field optical microscopy enables the observation of the LPR of single MNPs. In dark-field optical microscopy, only the light scattered by the structure under study is collected in the detection path, while the directly transmitted light is blocked using a dark-field condenser. Figure 9 presents scattered light images of Phenaz-TMA/AuNPs before and after attaching DNA. Dark-field light scattering images were acquired using a NIKON ECLIPSE 80i with a dark field condenser and a NIKON Power shot A640 digital camera. In general, individual sphere of AuNPs are observed as green particles originating from its LPR colors. 79 Thus, the green particles of Phenaz-TMA/AuNPs in the figure are individually spherical. After DNA attachment, we observed a significant color change (reddish) in each of the particles along the DNA chains. As described above, when two or more particles are brought into a near-field interaction, the spectrum exhibits a clear red shift. 1, 80 This result also agrees with spectra changes at 608 nm shown in Fig. 8(b) . Although each particle along the DNA cannot be resolved because of their diffraction-limited spots, the color change after DNA attachment strongly indicates that many particles were assembled along the DNA. 
Fabrication and Patterning of Metallic Nanoarrays with Long Range Order
Although DNA is an ideal 1D template to fabricate metallic nanoarrays, the length of prepared arrays essentially depends on that of the original DNA. For example, λ-DNA having a theoretical length of 16.3 μm is usually used as such a template. Since a 1D template with a greater geometrical aspect ratio leads to metallic nanoarrays with a larger scale, they can be easily manipulated during microscope observations, measuring their electrical and optical properties and sensing molecule interactions on them via SERS. Long DNA can be produced with some effort using a biochemical (enzymatic) technique, such as a polymerase chain reaction (PCR). In particular, rolling circle amplification (RCA) [81] [82] [83] can be used to produce a long single strand of DNA (>70 kb or more), 84 which has a repeating sequence with a designed repeat unit on the order of 100 bases, and these repeat units can be addressed by hybridization to their complementary DNA sequence. The applicability of RCA for preparing DNA with periodic binding motifs has been demonstrated for arranging MNPs and binding proteins. 85, 86 However, thus far, RCA and assembly reactions have been carried out solely in the liquid phase in a reaction tube. Such long DNA strands seem to be problematic for stretching and aligning on surfaces because of their intertwined state in solution.
4·1 Preparation of longer metallic nanoarrays with DNA
nanofibers Most recently, we have developed a simple method to create highly aligned DNA nanofibers on a surface. 87 This method is based on the processes of solvent vapor-induced buildup and controlled drying front movement, and forms parallel aligned DNA nanofibers exceeding several hundred micrometers in length and 40 nm in diameter on a poly(dimethylsiloxane) (PDMS) sheet. Thus, this process leads to a DNA nanostrand that is much longer than the contour length of λ-DNA (16.3 μm) and facilitates manipulating a single nanofiber under microscope observation, measuring its electrical and optical properties, and connecting it to electrode pads. Various MNPs could also be attached to such nanofibers, forming metallic nanoarrays with a longer scale.
The formation process for long metallic nanoarrays with DNA nanofibers is illustrated in Fig. 10 . 88 First, a mixture of Phenaz-TMA/AuNPs and λ-DNA in a TE buffer (pH 8) solution was added to 8 μL of ethanol. This solution was then deposited on a PDMS sheet. The PDMS sheet was tilted at 15 during solvent evaporation to move the drying front downwards. Solvent evaporation leads to a decrease in the volume of the solution, leaving behind line patterns. Line patterns of metallic nanoarrays were formed when nanoparticles-attached DNA was continuously deposited at the highly concentrated finger positions. Figure 11 is a dark-field optical microscope image depicting metallic nanoarrays on a PDMS sheet prepared by the above method. Many reddish lines originating from the plasmon resonance of AuNPs assembled on DNA nanofibers are clearly observed. Although the curvature of the lines at the edges of the surface was due to the shape of the meniscus movement, they were aligned parallel to the moving drying front of the solvent. Metallic nanoarrays also exceed several hundred micrometers in length and can be made within 30 min. Figure 12 presents an AFM image of metallic nanoarrays on the PDMS surface. The observed height (diameter) of metallic nanoarrays was 30 to 40 nm and was similar to that of bare DNA nanofibers. It is significant that AuNPs-attached DNA nanofibers have granulated nanostructures originating from AuNPs attachments along them. Enlarged optical and AFM images (Figs. 11(c) and 12(a) ) indicate that AuNPs are nonuniformly attached on entire nanofibers. Further optimizations of the pH or ion strength in solution would achieve more efficient formations of metallic nanoarrays.
As described above, when MNPs are organized in closely spaced arrays, their LPR peak is shifted towards low energy, and an increase in the bandwidth is observed because the dielectric constant of the surrounding MNPs is increased. Such interparticle spacing therefore serves as highly localized light fields for enhancing SERS. Termed "hot spots" these highly confined fields also enable increasing fluorescent emission, albeit with more modest enhancement factors. Furthermore, since a 1D particle array can exhibit coupled modes due to near-field interactions between adjacent MNPs, it is possible to propagate electromagnetic waves (light) with a transverse confinement below the diffraction limit (plasmon waveguides). For our several-hundred-micrometer-long 1D metallic nanoarray, such optical properties can be easily examined by microscopy. We observed dark-field optical images of our metallic nanoarrays under light polarization. The scattering light intensity of metallic nanoarrays is stronger when the light is polarized parallel to the arrays, while they are weaker for vertical polarization (Figs. 13(a) and (b) ). Furthermore, the scattering intensity exhibited a cosine-like dependence on the polarization angle ( Fig. 13(c) ). The enhancement of the light field localized in gaps between MNPs also strongly depends on the incident light polarization. 89 For a uniaxial alignment of ordered MNPs, polarization parallel to the uniaxial alignment enhances light field localization in gaps between MNPs, leading to strong light scattering from ordered MNPs. In contrast, vertical polarization to the uniaxial alignment does not enhance light field localization. Thus, the above result indicates that the alignment of AuNPs onto DNA nanofibers was preferentially uniaxial to the fiber axis. The intensity ratio was 2, and this contrast could be further improved by increasing the uniformity of AuNPs-attaching to DNA nanofibers. Currently, to utilize our metallic nanoarrays as SERS chips for single-molecule detection and optical waveguides below the diffraction limit, further investigations, such as spectroscopy and light propagations on metallic nanoarrays, are being conducted.
4·2 Preparation of 2D pattern of metallic nanoarray
We have reported that stretched DNA molecules and nanofibers initially present on the PDMS sheet were transferred onto another surface using transfer-printing (TP). 87, 90 Furthermore, by repeating TP onto the same surface, it was also possible to realize a two-dimensional (2D) assembly of stretched DNA molecules and nanofibers. We also demonstrated the TP of 2D patterns of metallic nanoarrays onto surfaces. To assemble the patterns, we first transferred metallic nanoarrays onto a coverslip, and then overlapped the other PDMS sheet to which metallic nanoarrays were fixed onto the first one (Fig. 14(a) ).
Since a glass surface has polar groups stronger than those on the hydrophobic surface of PDMS, such arrays containing hydrophilic groups could be easily transferred from a PDMS surface to a glass surface. The dark-field micrograph of 2D metallic nanoarray patterns is depicted in Fig. 14(b) . The main advantages of TP are that metallic nanoarrays can be printed in the desired position on the substrate, and that they can be integrated on the same substrate by repeating the TP process, thus, allowing the integration and more complex patterning of metallic nanoarrays. By creating topological micropatterns on PDMS, it is also possible to achieve higher ordered patterns of metallic nanoarrays.
Conclusion
This review has summarized our recent works on methods for constructing metallic nanoarrays with a DNA template. Our methods first require DNA-stretching and fixation on surfaces. We have demonstrated that surface coating with polymers containing π-conjugation units enhance DNA-stretching and fixation on surfaces, due to the π-π interaction (π-stacking) between aromatic amines in polymers and base pairs in DNA molecules. Such polymer-coating also enabled adequate optical microscopy and AFM observation of well-stretched DNA on conventional coverslip. The next step is DNA-attaching of MNPs. The AN-AuNPs prepared here strongly interacted with DNA. Two different assembly methods were carried out; consequently, continuous depositions and necklace-like depositions of AN-AuNPs along DNA molecules were achieved. The two approaches used in this study enabled different formations of metallic arrays of AN-AuNPs. Specifically, linear arrays of AN-AuNPs with interparticle spacing could be organized onto DNA molecules in a necklace-like formation. Furthermore, Phenaz-TMA/AuNPs was prepared by a photochemical reduction of AuCl4 -with 365 nm UV light in the presence of Phenaz-TMA.
Phenaz-TMA/AuNPs also demonstrated strong interaction with DNA. UV-vis spectroscopy and dark-field optical microscopic observations revealed assemblies of Phenaz-TMA/AuNPs onto DNA and the LPR color changes involved. DNA nanofibers were useful for constructing metallic nanoarrays with a long range order. Furthermore, it was possible to create 2D patterns of metallic nanoarrays by the TP technique. Our methods summarized here do not require any special equipments, and should provide a useful system for investigating the electromagnetic (light) field localized between MNPs.
Many applications of metallic nanoarrays enhance light fields localized between MNPs. In the field of analytical chemistry, one promising application is optical sensors, and single molecule detection via SERS has been reported. Gold nanospheres, immobilized on top of 1-mercaptobenzoic acid monolayers, yielded a SERS enhancement factor of 10 7 , while other anisotropic shapes had enhancement factors of 10 8 to 10 9 . 91 Our highly anisotropic metallic nanoarrays therefore serve as highly localized light fields for enhancing SERS. In addition to SERS, surface enhanced fluorescence has also been reported for molecules near the surfaces of MNPs. [92] [93] [94] [95] While molecular fluorescence is quenched within 5 nm of the metal particle surface, at distances of 10 nm or greater, fluorescence is enhanced up to 100-fold by the localized electric field and increased intrinsic decay of the fluorophore. [92] [93] [94] [95] Our metallic nanoarrays can also be restructured by the TP technique, and integrated into a desired position on various substrates, such as glass or silicon. Therefore, our method will advance the fabrication of optical sensor chips for single-molecule detection.
